Purpose: Second malignancies (SMs) after radiation therapy are rare but serious sequelae of treatment. This study investigates whether radiation therapy use is associated with changes in baseline SM risk. Methods and Materials: We extracted all patients with cancer, with or without SM, in the Surveillance, Epidemiology, and End Results database from 1973 to 2014. Cumulative incidence of SM for patients stratified by radiation therapy status was calculated using a competing risk model, both for the entire cohort and for subgroups based on the primary tumor's anatomic location. Results: We identified 2,872,063 patients with cancer, including 761,289 patients who received radiation therapy and 2,110,774 who did not. The SM rate at 20 years for patients receiving radiation therapy versus no radiation therapy was 21.4% versus 18.8%. The relative risk for SM associated with radiation therapy for the overall group was 1.138 at 20 years. The relative risks for SM associated with radiation therapy to malignancies arising from central nervous system and orbits, head and neck, thorax, abdomen, and pelvis at 20 years were 0.704, 1.011, 0.559, 0.646, and 1.106 for men and 0.792, 1.298, 1.265, 0.780, and 0.988 for women, respectively. Conclusions: The association between SM and radiation therapy varies with both sex and disease anatomic location, with the largest increase in SM seen in females irradiated to the head and neck
Introduction
Radiation exposure is a known precipitant of malignancy, as determined by data from the Japanese atomic bomb survivors 1 and from individuals with occupational radiation exposure. 2 Similarly, previous studies of longterm cancer survivors have also determined that radiation therapy (RT) is associated with increased risk of second malignancy (SM). 3 Increased incidence or risk for SM has been reported in pediatric, 4 gynecologic, 5e8 breast, 9e13 prostate, 14e16 and hematologic 17e20 malignancies treated with RT. Despite the strong evidence for radiation-induced malignancy, existing literature has not been able to accurately quantify the SM risk associated with RT, which is presumed to be low and with an indolent time course. Throughout the past decade, cancer survival has significantly improved, attributed to both early diagnosis and more effective treatment regimens, exemplified by aggressive utilization of definitive therapies including RT. Prolonged cancer survival also increases the awareness of SMs, which are among the most devastating late sequelae of RT and can take many years to develop after treatment.
In this study, we attempted to estimate the relative risk of SM for patients who received RT compared with those who did not, using the entire Surveillance, Epidemiology, and End Results (SEER) database, which provides a large cohort size with decades-long follow-up. Our SM analysis used a competing risk model, accounting for all-cause mortality (ACM) as a competing risk event for SM. Given the inherent variation in individual anatomy and dose distribution, we combined all subsequent malignancies after the first malignancy diagnosis as SMs to provide a more accurate reference for the overall risk of SM after RT. Finally, we grouped the primary disease sites using an anatomically meaningful schema consisting of central nervous system (CNS) and orbits, head and neck, thorax, and abdomen and pelvis.
Methods and Materials

Patient population
This study was reviewed and approved by the institutional review board at our institution. For this study, the entire SEER database was used, which included patients with malignancies diagnosed between January 1, 1973 and December 31, 2014. Patients were excluded if they (1) were not in active follow-up, (2) had unknown RT status, or (3) received chemotherapy. Although this study intends to restrict the study population to patients who received no chemotherapy and to stratify the analysis according to RT status, it is possible that some patients who were recorded as having received no chemotherapy or no RT may have received either treatment owing to an inherent underascertainment issue associated with the SEER database.
Previous studies have concluded that hematopoietic SMs develop with a latency period of 2 years after radiation exposure 21 and solid SM are presumed to take longer to present, which compelled several previous studies to use a threshold of 5 years. 14,22e27 For this study, we excluded all cases with consecutive malignancies that occurred within 2 years of each other because the design of this study is to be inclusive of all possible SM, including both hematopoietic and solid malignancies. Extracted variables include age at diagnosis, sex, year of diagnosis, race, and RT status.
Statistical methodology and analysis
To account for ACM as a competing risk for SM, cumulative incidences of SM and ACM were computed via a competing risk model. This was done for the entire SEER database and subsequently repeated for subgroups based on sex, age, and anatomic primary disease sites, defined as CNS and orbits, head and neck, thorax, abdomen, and pelvis. The distributions of the cumulative incidence of SMs for cohorts stratified based on RT status were evaluated via a k-sample test described by Gray et al, 28 which compared the weighted average of the hazards of the subdistribution for SM. Patients who were alive at last follow-up were censored. All statistical analyses were carried out using R version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria) with 2-sided testing and a statistical significance threshold of .05.
Results
Patient characteristics for the SEER cohort
The patient characteristics stratified by anatomic disease sites are shown in Table 1 . A total of 2,872,063 patients from the SEER database who matched the previously described selection criteria were extracted for SM analysis. This cohort consisted of 35,907 cases of malignancies in CNS and orbits, 184,632 in head and neck, 814,734 in thorax, 416,452 in abdomen, and 1,420,338 in pelvis. Excluding patients who were reported as alive at last contact, ACM is significantly more likely as an outcome compared with SM, representing 34%, 28%, 34%, 42%, and 33% of the cohorts compared with 7%, 17%, 14%, 13%, and 12% for SM, for CNS and orbits, head and neck, thorax, abdomen, and pelvis, respectively. The median follow-up is 7.4 years for the entire study cohort and 7.1 and 7.8 years for male and females, respectively.
Cumulative incidence of SMs
The cumulative incidences of SM for the entire SEER cohort stratified by RT status is shown in Figure 1 along with the P value for the distribution of the cumulative incidence of SM. The plot shows statistically significant higher SM for the RT cohort compared with the no-RT cohort (P < .001). The SM rates at 20 years after initial diagnosis for patients receiving RT versus no RT were 21.4% versus 18.8%. The SM rates at 40 years after initial diagnosis for patients receiving RT versus no RT were 27.4% versus 24.2%. The relative risk for SM associated with RT for the overall group was 1.138 and 1.132 at 20 and 40 years, respectively.
Subgroup cumulative incidence of SM by sex
Given that males and females have difference predilections for malignancies at each anatomic disease site, we repeated the calculation of cumulative incidence of SMs for males (N Z 1,477,397) and for females (N Z 1,394,666) separately, with the cumulative incidence plots shown in Figure 2 . For all primary malignancies combined, males demonstrated no difference in SMs between RT and no-RT cohorts (P Z 1.000), whereas females demonstrated a statistically significant increase in SMs with RT (P < .001).
Subgroup cumulative incidence of SM by sex and by anatomic disease sites
The subgroup cumulative incidence plots for SM and ACM by anatomic disease sites are shown in Figures 3 and 4 for males and females, respectively. For males, patients who received RT had statistically significant lower cumulative incidence of SM for CNS and orbits (P < .001), head and neck (P Z .05), thorax (P < .001), and abdomen (P < .001) primaries and higher cumulative incidence of SM for pelvis (P < .001) primaries. For females, RT resulted in a statistically significant lower cumulative incidence of SM for CNS and orbits (P Z .003), abdomen (P Z .001), and pelvis (P Z .007) primaries and a higher cumulative incidence of SM for head and neck (P < .001) and thorax (P < .001) primaries. The relative risks for SM associated with RT to primary malignancies arising from CNS and orbits, head and neck, thorax, abdomen, and pelvis at 20 years were 0.704, 1.011, 0.559, 0.646, and 1.106 for men and 0.792, 1. 
Subgroup cumulative incidence of SM by age group
Given that age at diagnosis may affect the incidence of SM, we repeated the calculation of cumulative incidence of SM for patients with age 18, 19 to 40, 41 to 60 and 61 years separately, with the cumulative incidence plots shown in Figure 5 . For all primary malignancies combined, patients whose primary malignancy was diagnosed at 18 years of age demonstrated a statistically significant increase in SM with RT (P < .001), and those whose primary malignancy was diagnosed at 41 to 60 years of age demonstrated a statistically significant decrease in SM with RT (P < .001).
Discussion
To study SM, a large population size is needed given the low incidence of SM, as is a careful choice of proper statistical methodologies. Because SM is such a rare event, prospective studies are impractical, and retrospective (single and multiple institutions) studies often lack the sample size to achieve statistical significance. Therefore, a large population-based database such as the SEER database provides the best context to elucidate the risk of SM.
With respect to statistical methodology, given the overall low incidence of SM among patients with cancer, mortality events represent a much more likely outcome compared with SM and thus compete with SM. Any disparity in mortality can thus significantly confound the outcome of SM analysis. This is especially important when studying radiation-induced SM, given that RT has historically been recommended to patients who are deemed inoperable secondary to comorbidities, thus increasing their risk of overall mortality. The most common statistical methods for SM analysis consist of standard incidence ratio and Cox proportional hazards regression. However, neither methods can account for ACM as a competing risk event for the SM, and as a result they may inflate the incidence SM with higher baseline ACM. 14 Furthermore, patients with cancer are likely enriched for behavioral, environmental, and genetic factors that affect their likelihood of cancer compared with the noncancer population. In addition, standard incidence ratio only allows for investigation of specific type of SM, not the sum of all SMs. This is important considering that SM development depends both on dose and anatomy. Therefore, although patients may have varying risks of different types of SM, the summation of all SMs may provide a better estimate of the true incidence of SM from RT.
Thus, there is a clear need for a statistical method that can counteract the effect of ACM on the estimation of SM risk. Satagopan et al proposed that in the analysis of SM, an ACM event precludes the onset of SM and thus should be treated as a competing risk event instead of a censored event. 29 A competing risk model has previously been used in a SEER study of SM associated with EBRT for prostate cancer, 14 as well as in patients who received brachytherapy in a Dutch single-institution series. 30 With an overall cohort size of >2.8 million patients, we have concluded that RT is indeed associated with a significant relative increase in SM (P < .001) compared with patients who received no RT, starting after the first decade after diagnosis and stabilizing after the second decade, as shown in Figure 1 . When the cumulative incidence of SM in patients who received RT and those who did not was separately evaluated for males and females, only females showed a statistically significant increase in SM with RT (P < .001), as shown in Figure 2 . On further stratification by anatomic disease sites, males who received RT had a statistically significant lower cumulative incidence of SM for CNS and orbits, head and neck, thorax, and abdomen and a higher cumulative incidence of SM for pelvis. Females who received RT had a statistically significant lower cumulative incidence of SM for CNS and orbits, abdomen, and pelvis and a higher cumulative incidence of SM for head and neck and thorax. Therefore, the results of our study, powered by the largest patient population to date, indicate that the relationship between RT and SM is highly complex and varies by sexes, age group, and anatomic disease site. However, even for anatomic disease sites with significant difference in SM between the RT and no-RT cohorts, the absolute difference remains low relative to ACM. Given the goal to assess the occurrence of SM after RT, we did not analyze and categorize the different types of SM. It is possible that some are not true SM. The pathogenesis, treatment, and prognosis of these different SM types should be the subject of independent evaluations.
The exact mechanism leading to radiation-induced SM is a topic of active debate. Radiation dose perceived by normal tissue during RT consists of primary radiation within each beam path, as well as secondary radiation outside of the beam path. Part of the secondary radiation is due to scatter within the patient and collimator, and part is due to leakage from the treatment machine. 31, 32 More importantly, SMs attributed to secondary radiation in out-of-field organs such as lungs, esophagus, and stomach may be significantly modified by environmental and lifestyle factors, and thus they can present with a plethora of histologies for each anatomic disease site. In addition to the uncertainties associated with the location and histology of SM, the relationship between radiation dose and SM risk is also an area of active research. Throughout the years, multiple models have been proposed to estimate SM risk with respect to radiation dose. All models agree that for relatively low radiation dose exposure up to several gray, the SM risk increases in a linear relationship with radiation dose. 33 The rationale behind this is that low dose radiation may be insufficient to achieve cell kill and thereby allows cells to survive with sublethal damage that induces malignant transformation. It is important to note that this linear model is based on the assumption of a single whole-body exposure, as in the case of atomic bomb explosion; therefore, some allowances need to be made for fractionated RT. 34 For radiation exposure at 
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Second malignancy due to radiation therapy higher dose past the initial 4 Gy, 3 dose-response models have been proposed. The linear-no-threshold model continues the earlier linear relationship between SM and dose, 35 the linear-plateau model achieves a plateau at a higher dose, and the linear exponential model demonstrates decreased SM at higher dose due to a presumed increase in cell sterilization. Together, the uncertainties surrounding the location and histology of SM, combined with the lack of understanding of its relationship with radiation dose, make our decision to use the broadest definition for SM not only justified, but also necessary to provide the most accurate estimation of its risk.
To the best of our knowledge, our study is the largest to look at the issue of SM after RT. This is the first investigation of RT-induced SM using the SEER database in its entirety along with a competing risk model capable of accounting for ACM as a competing risk event for SM.
The analysis was carried out according to an all-inclusive definition of SM that departs from the traditional narrow definition of in-field SM. This was done to capture all SM event and thus render the analysis resilient to variations in individual anatomy and RT dose distribution. Instead, for part of the analysis, we grouped the primary disease sites by anatomic groups of RT delivery site. Chemotherapy use was removed as a major confounding factor for this analysis, although one could make the argument that chemotherapy is an intrinsic part of therapy for patients with cancer and thus its use should be included for the analysis to reflect reality in these patients. The analysis including chemotherapy patients will be the subject of a separate study.
The observation of RT significantly reducing the cumulative incidence of SM at some anatomic disease sites is especially interesting. Several theories may explain this intriguing phenomenon. First, both primary radiation to the primary disease site and secondary radiation to out-of-field organs may end up sterilizing occult synchronous malignancies and premalignant tissues. In addition to radiation's role in direct tumor kill, there is also evidence to suggest that radiation can induce strong antitumor immunity via a mechanism called immunogenic cell death, 36e38 which may have a systemic effect on the patient and reduce the risk of future malignancies. Finally, patients who did not receive RT may have eventually developed late metastases or recurrences that were mistaken for SM.
In terms of limitations, the SEER database only records treatment received as the first course of treatment; therefore, we cannot ascertain whether patients who initially received no RT had later salvage RT for recurrence. However, this is likely to be uncommon given the historical low utilization of RT in the salvage setting, which, when compounded by the already rare nature of SM, makes it unlikely to significantly confound our analysis. In addition, underascertainment of the receipt of RT in the SEER database has been previously established, which led to the eventual designation of the RT variable as an experimental variable. 39 However, the underascertainment of the RT variable biases toward the null hypothesis and in fact makes the statistically significant findings in this study even more significant. At the same time, the variation in underascertainment of RT utilization across different anatomic disease sites may affect the relative risk of SM associated with RT. Our study also excluded patients who received chemotherapy as the first course of treatment because chemotherapy can also induce SM. A study comparing SEER chemotherapy data with SEER-Medicare data has determined that SEER chemotherapy data have an overall sensitivity of approximately 68%, which translates into an overall positive predictive value of >85%. 40 However, it is unlikely that the underreporting of chemotherapy affects the cohorts stratified based on RT status differently. Because our analysis design focuses on anatomic disease site rather than specific cancer diagnosis, we were not able to balance clinical covariates such as stage, histology, and other patient-specific factors that may contribute to baseline SM rate. Finally, the SEER database does not record RT dose, fractionation, or the extent of RT field; therefore, it is impossible to determine the dose distribution for patients who received RT. This is somewhat remedied by the fact that we used an all-inclusive definition of SM, and we relied on the large population size of the SEER database to average the variations in RT field and dose. In addition, by relying on actual retrospective data for our analysis, we have concluded there is a significantly lower absolute risk for SM compared with computed risk using equivalent total mean body dose and the atomic bomb survival data, 41 Advances in Radiation Oncology: OctobereDecember 2019 Second malignancy due to radiation therapy which further accentuates the divide between actual and perceived SM risk associated with RT. Another factor that may alter SM incidence is RT technique, which in recent years has focused on minimizing radiation dose to normal tissues via image guidance, improved precision in beam delivery, and particle therapy. The effect of this evolution is both interesting and pertinent; however, the study of it will have to wait for additional years in follow-up to ensure adequate comparison.
Conclusions
Our study shows that RT tends to be associated with a statistically significant increase in the cumulative incidence of SM at some anatomic disease sites, although it can result in statistically significant decrease in the cumulative incidence of SM at other anatomic disease sites, with significant variation based on age and sex. Despite this, the absolute change in SM associated with RT remains small. In the decision-making process to use RT as part of the initial treatment regimen, concerns about SM should be modulated because the pathogenesis is likely multifactorial and the potential benefits of RT will remain high relative to its risk for inducing SM.
